Introduction {#Sec1}
============

After the discovery of the Higgs boson in July 2012 \[[@CR1], [@CR2]\], a solution to the hierarchy problem---the question why the electroweak scale is so much lower than the Planck scale---is more urgently needed than ever. Among the numerous possibilities to solve the hierarchy problem, the most popular approach is low-scale supersymmetry. A promising alternative is given by models with a warped extra dimension \[[@CR3]\], in which the Standard Model (SM) is embedded in a slice of anti-de Sitter space, while the Higgs field is localized on the "infra-red (IR) brane", one of the two four-dimensional hyper-manifolds that bound the extra dimension. These so-called Randall--Sundrum (RS) models can provide a natural explanation for this vast hierarchy, since the fundamental ultra-violet (UV) cutoff is the warped Planck scale, which near the IR brane takes values in the TeV range. Moreover, by allowing the fermion fields to propagate into the bulk, warped extra-dimension models can also provide an explanation for the hierarchies observed in the flavor sector \[[@CR4]--[@CR6]\] and the smallness of flavor-changing neutral currents \[[@CR7]--[@CR13]\].

Unfortunately, none of the Kaluza--Klein (KK) particles predicted in extra-dimensional extensions of the SM have been observed yet, and electroweak precision measurements indicate that these particles are probably too massive for a direct detection at the LHC. Thus, indirect searches like the precision measurements of the Higgs-boson couplings to SM particles, which are accessible via studies of both the Higgs production cross section and its decay rates, become more and more attractive. Concerning warped extra dimensions, especially the loop-mediated Higgs couplings to gluons and photons could give hints about the existence of additional KK particles. While the gluon-fusion process has been discussed extensively in several works \[[@CR14]--[@CR24]\], the present paper focuses on the Higgs decay into two photons, which was investigated in \[[@CR16]--[@CR20]\]. The first analysis of the effects of the KK tower of the $\documentclass[12pt]{minimal}
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Our paper is structured as follows: In Sect. [2](#Sec2){ref-type="sec"} we define the set-up and comment on the necessity to distinguish between the so-called brane-Higgs and narrow bulk-Higgs scenarios when calculating the fermionic loop contributions to the $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ amplitude and summarize the results for the fermionic contributions from charged quarks and leptons propagating in the loop. We then focus on the bosonic loop contributions, calculate them in the KK-decomposed theory and show that the result for the contributions of each individual KK mode is gauge invariant. In the next step we resum the KK towers and derive an exact formula for the $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ amplitude in terms of an overlap integral over the Higgs-boson profile and the transverse part of the 5D gauge-boson propagator, including the exact dependence on the Higgs-boson mass. To the best of our knowledge, such a formula has not been obtained before. We derive an explicit, closed expression for the 5D propagator and show that the overlap integral is insensitive to the precise details of shape of the Higgs-boson profile, once this profile is localized very close to the IR brane. By expanding our results in powers of $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ boson and its KK excitations are consistent with the findings of \[[@CR19]\]. Phenomenological implications of our results in the context of the latest LHC data are discussed in Sect. [5](#Sec14){ref-type="sec"}, where we study the Higgs decay into two photons in two different versions of the minimal and the custodially protected RS model. We illustrate the magnitude of the effects as a function of the mass of the lightest KK gluon state and the scale of the 5D Yukawa couplings, and derive the regions in parameter space that are already excluded by recent LHC measurements. Our main results are summarized in the conclusions.

Preliminaries {#Sec2}
=============

We focus on RS models where the electroweak symmetry-breaking sector is localized on or near the IR brane. The extra dimension is chosen to be an $\documentclass[12pt]{minimal}
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Our paper deals with the minimal RS model based on the SM gauge group, as well as with an extended RS model with a larger bulk gauge group, which after electroweak symmetry breaking includes an $\documentclass[12pt]{minimal}
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========================================================================================

Our goal is to calculate the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ decay amplitude entirely in terms of the 5D propagators for both gauge bosons and fermions. While the contributions from quarks and charged leptons can easily be deduced from the corresponding results for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$gg\rightarrow h$$\end{document}$ amplitude, a detailed consideration of the gauge-boson contribution has not yet been performed in 5D language. Our approach in the present work is the following: In a first step, we calculate the bosonic contributions to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ amplitude in the KK-decomposed, 4D effective theory and show that at each KK level the sum of all diagrams is gauge invariant. The only contributing diagrams in the unitary gauge are those with vector bosons propagating in the loop. We can then rewrite the amplitude, summed over KK states, as an expression involving the 5D gauge-boson propagator in the mixed momentum-position representation \[[@CR28], [@CR34]--[@CR37]\]. We show that in the limit of a very narrow Higgs profile the amplitude approaches an unambiguous value, which is insensitive to the details of the Higgs localization mechanism. At the end of this section, we employ our exact results to derive expressions for the contributions of the zero modes (the standard $\documentclass[12pt]{minimal}
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We begin with the calculation in the minimal RS model with the SM gauge group in the bulk, broken to $\documentclass[12pt]{minimal}
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In our analysis we will also discuss the case of a very narrow Higgs boson localized near the IR brane, where the Higgs profile $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta ^\eta (t-1)$$\end{document}$ has a characteristic width $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ subject to the condition $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\text {KK}}\ll v/\eta \ll \Lambda _\mathrm{TeV}$$\end{document}$. In principle, such a scenario gives rise to a tower of *physical* scalar particles $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _W^{\pm (n)}$$\end{document}$, which in some sense are the KK excitations of the charged components of the Higgs doublet. As discussed in detail in \[[@CR38]\], these fields are defined in terms of a gauge-invariant superposition of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W_\phi ^\pm $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varphi ^\pm $$\end{document}$. It has been shown in the same reference that the effect of these heavy scalar particles on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ amplitude is$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} C_{1\gamma }^\phi = \frac{1}{8} \sum _{n=1}^\infty \frac{v g_{h\phi \phi }^{(n,n)}}{\big (m_n^\phi \big )^2}\,A_\phi (\tau _n^\phi ), \quad C_{5\gamma }^\phi = 0, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau _n^\phi =4(m_n^\phi )^2/m_h^2$$\end{document}$, and the function$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} A_\phi (\tau ) = 3\tau \,\big [ \tau f(\tau ) - 1 \big ], \quad \text{ with }\ f(\tau ) = \arctan ^2\frac{1}{\sqrt{\tau -1}},\nonumber \\ \end{aligned}$$\end{document}$$approaches 1 for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau \rightarrow \infty $$\end{document}$. In the limit of a very narrow Higgs profile the couplings $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_{h\phi \phi }^{(n,n)}$$\end{document}$ scale like $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\eta $$\end{document}$, while the masses of the heavy scalar particles scale like $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\text {KK}}/\eta $$\end{document}$. It follows that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{1\gamma }^\phi =\mathcal{O}(\eta )$$\end{document}$, and hence this contribution decouples in the limit $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta \rightarrow 0$$\end{document}$, as expected. We will therefore not consider the corresponding Feynman diagrams in our analysis.

Fermionic contributions to the Wilson coefficients {#Sec4}
--------------------------------------------------
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Gauge invariance of the amplitude {#Sec5}
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Let us now explore the consequences of the general result ([21](#Equ21){ref-type=""}). Obviously, this relation implies that for each single KK mode the $\documentclass[12pt]{minimal}
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5D analysis of the bosonic loop contributions to $\documentclass[12pt]{minimal}
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We now repeat the calculation of the bosonic loop contributions to the $\documentclass[12pt]{minimal}
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Due to the mode-diagonality of the vertices involving a photon, we can perform the integration over $\documentclass[12pt]{minimal}
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Relation ([28](#Equ28){ref-type=""}) is one of the main results of this work. It shows the exact result for the Wilson coefficient $\documentclass[12pt]{minimal}
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Note that relation ([27](#Equ27){ref-type=""}) results after integrating a Feynman loop integrand of the type $\documentclass[12pt]{minimal}
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Calculation of the 5D gauge-boson propagator {#Sec7}
--------------------------------------------
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Analysis of the zero-mode and KK contributions {#Sec8}
----------------------------------------------
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Based on the formulas above, we can perform the integration over the Feynman parameters in ([28](#Equ28){ref-type=""}) and find the Wilson coefficient$$\documentclass[12pt]{minimal}
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We close this section by returning briefly to the case of a narrow bulk-Higgs model, in which the scalar sector is localized not on but near the IR brane. As a concrete model, we adopt the scenario discussed in \[[@CR24], [@CR43], [@CR44]\] featuring a bulk scalar field, which acquires a VEV due to a Mexican-hat potential localized on the IR brane. As discussed earlier, relation ([29](#Equ29){ref-type=""}) still holds in this model provided one makes the replacement ([30](#Equ30){ref-type=""}) and calculated the gauge-boson propagator in the background of a bulk-Higgs field. It is the solution to the differential equation$$\documentclass[12pt]{minimal}
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Extension to the RS model with custodial symmetry {#Sec9}
=================================================

We will now present the generalization of the above results to the RS model with custodial protection, which has been proposed to mitigate the large corrections to electroweak precision observables, so that the lightest KK particles are in reach for the direct detection at the LHC \[[@CR47]--[@CR50]\]. We will consider an RS model based on the enlarged bulk symmetry $\documentclass[12pt]{minimal}
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Quark contributions to the Wilson coefficients {#Sec10}
----------------------------------------------

As a consequence of the discrete $\documentclass[12pt]{minimal}
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                \begin{document}$$SU(2)_L\times SU(2)_R$$\end{document}$ quantum numbers for all three quark generations, which is necessary to consistently incorporate quark mixing in the anarchic approach to flavor in warped extra dimensions. Altogether, there are 15 different quark states in the up sector and nine in the down sector (for three generations). The boundary conditions give rise to three light modes in each sector, which are identified with the SM quarks. These are accompanied by KK towers consisting of groups of 15 and nine modes of similar masses in the up and down sectors, respectively. In addition, there is a KK tower of exotic fermion states with electric charge $\documentclass[12pt]{minimal}
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The fermionic loop contributions to the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g(\varvec{X}_f)$$\end{document}$ have been given in ([18](#Equ18){ref-type=""}) and ([19](#Equ19){ref-type=""}). Recall that the Taylor expansion of these functions starts with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{X}_f^2$$\end{document}$, and thus the factors of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{2}$$\end{document}$ arising in the quark contributions in the custodial model approximately double the contribution arising in the minimal model. Combined with the large electric charge of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda $$\end{document}$-type quarks, one finds that due to the higher multiplicity of KK quark states the contribution in the custodial RS model is much larger than in the minimal model \[[@CR22], [@CR24]\], by approximately a factor 68/5.

Charged-lepton contributions to the Wilson coefficients {#Sec11}
-------------------------------------------------------

The result for the loop contributions to the $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ amplitude involving charged leptons depends on the way in which the lepton fields are embedded into the extended gauge symmetry of the custodial RS model. As a first possibility, we consider a model in which the lepton multiplets are chosen in analogy to the quark multiplets in ([48](#Equ48){ref-type=""}). This choice was adopted in \[[@CR51]\]. In component notation, the corresponding fields are$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\varvec{Y}_e$$\end{document}$, which we assume to have an anarchic structure. When dressed with the fermion profiles on the IR brane, these matrices give masses to the SM leptons. The resulting contributions to the Wilson coefficients have the same structure as in ([49](#Equ49){ref-type=""}), except that there are no zero-mode contributions (they are proportional to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_l^2/m_h^2$$\end{document}$ and thus can be neglected) and that we must replace $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{Y}_u\rightarrow \varvec{Y}_\nu $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{Y}_d\rightarrow \varvec{Y}_e$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_c\rightarrow 1$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_u\rightarrow Q_\nu =0$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_d\rightarrow Q_e=-1$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_\lambda \rightarrow Q_\psi =+1$$\end{document}$. We thus obtain$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} C_{1\gamma }^l + iC_{5\gamma }^l \approx \left( Q_{e}^2 + Q_\psi ^2 \right) \text{ Tr }\,g(\sqrt{2}\varvec{X}_e), \end{aligned}$$\end{document}$$with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{X}_e$$\end{document}$ as defined in ([17](#Equ17){ref-type=""}). It follows that the leptonic contribution in the custodial RS model is approximately 4 times larger than in the minimal model.

As a second possibility, we consider a model with a more minimal embedding of the leptons into the extended gauge group. The simplest assignment is to put the left-handed neutrino and electron into an $\documentclass[12pt]{minimal}
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The bosonic sector {#Sec12}
------------------

In order to derive the Feynman rules and the 5D gauge-boson propagator it is inevitable to understand the bosonic sector of the custodial RS model, whose 5D action reads$$\documentclass[12pt]{minimal}
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It is now straightforward to deduce the Feynman rules in the custodial model from the ones in the minimal model compiled in Appendix A. Using ([61](#Equ61){ref-type=""}), we can convince ourselves that the $\documentclass[12pt]{minimal}
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Calculation of the 5D gauge-boson propagator {#Sec13}
--------------------------------------------

We now derive the exact expression for the 5D gauge-boson propagator in the RS model with custodial symmetry, which to the best of our knowledge has not been done before. The differential equation for the propagator function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Phenomenological implications {#Sec14}
=============================

We now present a numerical study of the Higgs decay into two photons in both the minimal and the custodial RS model, which can be directly compared to experimental data. As in our recent work on Higgs production \[[@CR24]\], we distinguish the two cases of a brane-localized and a narrow bulk-Higgs scenario. We consider the ratio of the measured $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp\rightarrow h\rightarrow \gamma \gamma $$\end{document}$ cross section normalized to its SM value,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} R_{\gamma \gamma }&= \frac{(\sigma \cdot \mathrm{Br)}(pp\rightarrow h\rightarrow \gamma \gamma )_\mathrm{RS}}{(\sigma \cdot \mathrm{Br)}(pp\rightarrow h\rightarrow \gamma \gamma )_\text{ SM }} \nonumber \\&= \frac{\big [ \big (|\kappa _g|^2 + |\kappa _{g5}|^2\big ) f_\mathrm{GF} + \kappa _W^2 f_\mathrm{VBF} \big ] \big ( |\kappa _{\gamma }|^2 + |\kappa _{\gamma 5}|^2 \big )}{\kappa _v^2\,\kappa _h},\nonumber \\ \end{aligned}$$\end{document}$$where we have included the two main Higgs production channels via gluon fusion (GF) and vector-boson fusion (VBF), with probabilities of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_\mathrm{GF}\approx 0.9$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_\mathrm{VBF}\approx 0.1$$\end{document}$ at the LHC with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=8$$\end{document}$ TeV \[[@CR53]\]. Other Higgs production channels, such as the associated production with a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ pair or a vector boson, can be neglected to a very good approximation. The quantities $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _i$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _{i5}$$\end{document}$ (with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i=g,\gamma $$\end{document}$) parameterize the values of the relevant Wilson coefficients normalized to their SM values,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \kappa _i = \frac{C_{1i}}{C_i^\mathrm{SM}},\quad \kappa _{i5} = \frac{3}{2}\,\frac{C_{5i}}{C_i^\mathrm{SM}}. \end{aligned}$$\end{document}$$Explicit expressions for the Wilson coefficients $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{1\gamma }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{5\gamma }$$\end{document}$ in the RS model have been derived in Sects. [3](#Sec3){ref-type="sec"} and [4](#Sec9){ref-type="sec"}. The corresponding SM value is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_\gamma ^\mathrm{SM}=N_c\big [ Q_u^2\,A_q(\tau _t)+Q_d^2\,A_q(\tau _b) \big ]-\frac{21}{4} A_W(\tau _W)$$\end{document}$. The RS effects on the gluon-fusion production process were studied in \[[@CR24]\]. The values of the Wilson coefficients $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{1g}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{5g}$$\end{document}$ can be obtained from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{1\gamma }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{5\gamma }$$\end{document}$ by replacing $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{u,d}\rightarrow 1$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_e\rightarrow 0$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_c\rightarrow 1$$\end{document}$. In the SM we have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_g^\mathrm{SM}=A_q(\tau _t)+A_q(\tau _b)$$\end{document}$. Concerning the VBF production process, we note that using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _W$$\end{document}$ as a correction factor in ([70](#Equ70){ref-type=""}) is only approximate but sufficient for our purposes \[[@CR54]\].

The parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _v$$\end{document}$ in ([70](#Equ70){ref-type=""}) parameterizes the shift of the Higgs VEV in the RS model relative to the SM and has been given in ([5](#Equ5){ref-type=""}). Finally, we take into account the RS corrections to the SM Higgs width $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Gamma ^\text{ SM }_h=4.14$$\end{document}$ MeV (for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_h=125.5$$\end{document}$ GeV) \[[@CR55]\] by means of the parameter$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \kappa _h&= {\kappa _v^2}\,\frac{\Gamma _h^\text{ RS }}{\Gamma _h^\text{ SM }} \approx 0.57\,\kappa _b^2 + 0.22\,\kappa _W^2 \nonumber \\&+ 0.09\,\big ( |\kappa _g|^2 + |\kappa _{g5}|^2 \big ) + 0.12, \end{aligned}$$\end{document}$$where the corrections to the decays $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\rightarrow \tau ^+\tau ^-,\,c\bar{c},\,ZZ^{(*)}, \gamma \gamma ,\dots $$\end{document}$ have a numerically insignificant effect and therefore can be neglected (the combined branching ratio for these channels is 12 % in the SM). Neglecting some small chirally suppressed terms, the correction to the Higgs coupling to a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b{\bar{b}}$$\end{document}$ pair can be well approximated by \[[@CR19], [@CR22], [@CR23]\]$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \kappa _b^\mathrm{min.\,RS}&\approx 1 - \frac{v^2}{3M_{\text {KK}}^2}\, \frac{(\varvec{Y}_d \varvec{Y}_d^\dagger \varvec{Y}_d )_{33}}{(\varvec{Y}_d)_{33}}, \nonumber \\ \kappa _b^\mathrm{cust.\,RS}&\approx 1 - \frac{2v^2}{3M_{\text {KK}}^2}\, \frac{(\varvec{Y}_d \varvec{Y}_d^\dagger \varvec{Y}_d )_{33}}{(\varvec{Y}_d)_{33}}. \end{aligned}$$\end{document}$$It is an important goal of future LHC and ILC analyses to determine as many of the effective Higgs couplings $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _i$$\end{document}$ as possible from a global fit to the data. A detailed discussion of the individual effective Higgs couplings to fermions and gauge bosons in the context of RS models will be presented in a future work \[[@CR54]\]. At present, however, the experimental groups have not yet presented a detailed, model-independent analysis of Higgs couplings \[[@CR57]--[@CR59]\], and we will thus focus on the ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ in the present work. Note also that, in contrast to the observable $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\gamma \gamma }$$\end{document}$, the quantities $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _i$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _{i5}$$\end{document}$ are not directly observable. The gluon-fusion rate is proportional to the sum of the absolute squares of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _g$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _{g5}$$\end{document}$, and no observable sensitive to a different combination of these parameters is experimentally accessible. In the case of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$ decay, it is in principle possible to access the CP-violating coefficient $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _{\gamma 5}$$\end{document}$ by studying the distribution of the two electron--positron pairs in events in which both photons undergo nuclear conversions \[[@CR56]\]; however, this will be very challenging experimentally.Fig. 2Predictions for the ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ as a function of the lightest KK gluon mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{g^{(1)}}$$\end{document}$ and for different values of the parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y_\star $$\end{document}$ in the minimal RS model, for the cases of a brane-localized Higgs boson (*left*) and a narrow bulk-Higgs field (*right*). The dashed curves show the approximation ([74](#Equ74){ref-type=""}) for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y_\star =3$$\end{document}$
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The shape of the various bands of scatter points shown in the plots can be understood as follows. For not too small Yukawa couplings, the largest RS corrections are those arising from fermionic loop contributions. In the brane-localized Higgs (narrow bulk-Higgs) scenario, they suppress (enhance) the gluon-fusion cross section and enhance (suppress) the decay rate into photons. Since the dominant SM contribution to $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ remains.Fig. 3Excluded regions of parameter space in the minimal RS model, for the brane-localized Higgs scenario (*left*) and the narrow bulk-Higgs model (*right*). The *vertical dashed line* denotes the lower bound on $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{g^{(1)}}$$\end{document}$ obtained from a tree-level analysis of electroweak precision observables \[[@CR61]\]

Even at the present level of precision, the existing measurements of the observable $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{g^{(1)}}$$\end{document}$ in the custodial RS model with minimal lepton sector ([52](#Equ52){ref-type=""}), for the cases of a brane-localized Higgs boson (*left*) and a narrow bulk-Higgs field (*right*)Fig. 5Excluded regions of parameter space in the custodial RS model with minimal lepton sector ([52](#Equ52){ref-type=""}), for the brane-localized Higgs scenario (*left*) and the narrow bulk-Higgs model (*right*). The *vertical dashed line* denotes the lower bound on $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{g^{(1)}}$$\end{document}$ obtained from a tree-level analysis of electroweak precision observables \[[@CR61]\]

Softening the constraints from electroweak precision observables by means of a symmetry has been the main motivation for extending the RS model by enlarging the bulk gauge group \[[@CR25]--[@CR27]\]. It has been pointed out in \[[@CR22], [@CR24]\] that the large number of heavy fermionic degrees of freedom in such an extended model can potentially give rise to large virtual effects on the Higgs-boson production and decay rates. The corresponding effects on the quantity $\documentclass[12pt]{minimal}
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                \begin{document}$$y_*=3$$\end{document}$), the di-photon decay rate even vanishes. It is obvious that in regions of parameter space where such dramatic cancelations occur our predictions are highly model dependent. Given the preliminary pattern of Higgs couplings seen in experiment, which within errors agree with the SM predictions, it appears unlikely (but not impossible) that there could be $\documentclass[12pt]{minimal}
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Figure [5](#Fig5){ref-type="fig"} shows the excluded regions of RS parameter space derived from the analysis of the observable $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow ZZ^{(*)}\rightarrow 4l$$\end{document}$ exclude this region \[[@CR24], [@CR54]\].

The exclusion plots in Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"} can also be read in a different way. Under the assumption that the first KK gluon resonance is in reach for direct production at the LHC, these plots allow one to impose bounds on $\documentclass[12pt]{minimal}
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                \begin{document}$$y_\star <1.7$$\end{document}$ for a narrow bulk Higgs, both at 95 % CL. Even though the constraints are rather strong in the case of the custodial RS model, they do not quite compete with those stemming from the decays $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow ZZ^{(*)}, WW^{(*)}$$\end{document}$ \[[@CR24], [@CR54]\]. This is due to the fact that the RS corrections to the decay into two photons partially compensate the huge effect in the gluon-fusion production process. This compensation does not occur in the decays into two weak gauge bosons, whose couplings to the Higgs are only slightly affected by new-physics effects.

Conclusions {#Sec15}
===========

The discovery of a Higgs boson at the LHC in the summer of 2012 \[[@CR1], [@CR2]\] has marked the beginning of a new era in elementary particle physics. The couplings of this new particle are found to be non-universal and indeed very close to those predicted for the elementary scalar boson of the SM. An explanation for the hierarchy problem is thus more pressing than ever. Measuring precisely the Higgs couplings to various SM particles provides an important tool to discover and distinguish between new-physics models that can address the hierarchy problem. Especially interesting are loop-induced processes like Higgs production via gluon fusion $\documentclass[12pt]{minimal}
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                \begin{document}$$h\rightarrow \gamma \gamma $$\end{document}$.

In this paper, we have focused on the Higgs decay into two photons in different scenarios of RS models, where the Higgs sector is localized on or near the IR brane, while the remaining fields propagate in the bulk of the warped extra dimension. While the contribution from diagrams with virtual fermions (quarks and charged leptons) in the loop has been extensively discussed in recent work, mostly in the context of gluon fusion \[[@CR19]--[@CR24]\], here we have further concentrated our analysis on the diagrams with bosonic fields propagating in the loops, generalizing the findings of \[[@CR16]--[@CR20]\]. We have shown that the relevant diagrams, calculated in the general $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$W$$\end{document}$-boson propagator with the Higgs-boson profile along the extra dimension, given in ([28](#Equ28){ref-type=""}). This expression can be used to calculate the bosonic contributions to the amplitude as long as one is able to derive an analytic expression for the 5D $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$-boson propagator. We have shown that the 5D loop diagrams with bosonic fields are insensitive to the precise details of the localization of the scalar sector on or near the IR brane. This finding is in contrast to the case of fermionic loops, for which one finds different results for the cases of a strictly localized Higgs sector and a scenario in which the Higgs is a narrow bulk field \[[@CR23], [@CR24]\]. In our approach we retain the exact dependence of the amplitude on the Higgs-boson mass. Taking a 5D perspective on the calculation, we have not distinguished between the SM modes and the KK particles. However, in our final results we have been able to identify the contributions from the $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ boson and the infinite tower of its KK excitations. Finally, we have generalized our findings to the RS model with custodial protection of electroweak precision observables, for which we have discussed two different embeddings of the lepton sector in the extended gauge group of the model.

In the phenomenological part of this paper, we have analyzed the new-physics effects on the cross section times branching ratio for the process $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ representing the cross section times branching ratio in the RS model normalized to its SM value, and distinguished between the brane-localized and the narrow bulk-Higgs scenarios of both the minimal and the custodial RS models. We have also derived approximate formulas for $\documentclass[12pt]{minimal}
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                \begin{document}$$y_\star $$\end{document}$ imposed on the magnitude of the individual entries of the anarchic 5D Yukawa matrices. We have pointed out the fact that the RS corrections to Higgs production via gluon fusion act in the opposite direction as those to the decay into two photons, where generally the new-physics effects on the gluon-fusion rate provide the dominant source of corrections to the SM predictions. For not too small values of $\documentclass[12pt]{minimal}
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Comparing our results with the latest ATLAS and CMS data \[[@CR57], [@CR58]\], we have derived exclusion regions in the $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ and of other Higgs production and decay rates would be required to differentiate between different incarnations of RS models. Importantly, significant deviations of the Higgs couplings from their SM values could arise even if the KK mass scale is so large that KK modes are out of reach for direct production at the LHC.

Together with our previous work \[[@CR24]\], the present paper allows for a full treatment of the loop-mediated Higgs couplings and can be supplemented by the remaining tree-level couplings to arrive at a comprehensive description of Higgs physics in RS models, where the scalar sector lives on or near the IR brane. With increasing experimental precision on the extracted Higgs couplings, it will be exciting to compare our results for various RS models with the data. Even if no KK excitations will be discovered at the LHC, it is conceivable that future precision measurements of Higgs couplings at the LHC and ILC could provide a first hint on the existence of a warped extra dimension.

Appendix A: Feynman rules in the 4D effective theory {#Sec16}
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Here we list the Feynman rules needed for the calculation of the one-loop gauge-boson, scalar, and ghost contributions to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varvec{W}$$\end{document}$ mass and profile derived from the 5D propagator {#Sec17}
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Starting from the exact expression ([34](#Equ34){ref-type=""}), we perform an expansion in powers of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v^2/M_{\text {KK}}^2$$\end{document}$ while keeping $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p^2$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{m}}_W^2$$\end{document}$ fixed and of order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v^2$$\end{document}$. This yieldswhere which are valid up to terms of order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v^4/M_{\text {KK}}^4$$\end{document}$. The zero of the denominator of the propagator in ([B.1](#Equ1){ref-type=""}) defines the physical mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_W$$\end{document}$ of the ground state, and the residue of the pole determines the corresponding product of profile functions $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _0^W(t)\,\chi _0^W(t')$$\end{document}$. Indeed, for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p^2\approx m_W^2$$\end{document}$ we find$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} B_W(t,t';-p^2) = \frac{1}{2\pi }\,\frac{-Z_2(t,t')}{p^2-m_W^2+i0} + \text{ non-singular } \text{ terms, } \end{aligned}$$\end{document}$$whereThese results are valid up to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{O}(v^4/M_{\text {KK}}^4)$$\end{document}$ corrections. The relation in the first line is equivalent to ([7](#Equ7){ref-type=""}). Rewriting the second relation in the form $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z_2(t,t')=2\pi \,\chi _0^W(t)\,\chi _0^W(t')$$\end{document}$, we can extractwhich gives the first non-trivial correction to the profile of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$ boson \[[@CR10], [@CR45]\].

These papers analyzed the quark KK-tower contributions to the Higgs production process $\documentclass[12pt]{minimal}
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This variable is related to the frequently used conformal coordinate $\documentclass[12pt]{minimal}
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The result can be simplified using $\documentclass[12pt]{minimal}
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